Rapid separation and determination of mixtures of L-ascorbic acid, nitrite, sulfite, oxalate, iodide and thiosulfate by conventional ion chromatography is often difficult due to incomplete separation of L-ascorbic acid and nitrite from the water peak when using eluents giving short elution times for iodide and thiosulfate. Separation of the six species within about 15 min has been achieved by isocratic elution using a resin-based ion-exchange column with a carbonate eluent containing a trace amount of 1,3,5-benzenetricarboxylic acid (BTA) and fluorescence measurement of cerium(III) formed via postcolumn reactions of the separated sample species with cerium(IV). Calibration plots of peak height versus concentration were linear up to 10.0 mM (1.76 ppm) for L-ascorbic acid, 8.0 mM (0.37 ppm) for nitrite, 8.0 mM (0.70 ppm) for oxalate, 80.0 mM (10.2 ppm) for iodide and 25.0 mM (2.80 ppm) for thiosulfate, whilst the sulfite calibration was linear up to 25.0 mM (2.00 ppm) when peak area was plotted against concentration. Detection limits (defined as S /N 5 3) were 18 ppb for L-ascorbic acid, 4 ppb for nitrite, 16 ppb for sulfite, 7 ppb for oxalate, 72 ppb for iodide and 37 ppb for thiosulfate. The proposed method was applied successfully to the determination of L-ascorbic acid, nitrite, sulfite, oxalate, iodide or thiosulfate in water samples.
Introduction
retained ions are mixed with more strongly retained species. For example, weakly retained species such Ion chromatography (IC) is one of the most as L-ascorbic acid and nitrite are difficult to separate powerful techniques for the determination of lowfrom the water dip when a strong eluent is used in molecular-mass ionic substances. However, one diffiorder to resolve strongly retained species such as culty in using conventional IC arises when poorly iodide and thiosulfate in a reasonable time. Several IC approaches have been reported for such mixtures, especially gradient elution has been employed by Sunden et al. [1] , Tarter [2] and Wataya et al. [3] for and thiosulfate. The present authors have previously 2. Experimental established rapid and sensitive separations of mixtures containing sulfide, sulfite and thiosulfate [4] , 2.1. Reagents L-ascorbic acid, sulfide, sulfite and thiosulfate [5] and sulfide, sulfite, thiocyanate and thiosulfate [6] , based
All of the chemicals used were of analyticalon their postcolumn reactions with iodine and photoreagent grade and were used without further purificametric measurement of the residual iodine. In these tion. The water used was distilled twice and then methods, L-ascorbic acid and sulfide were eluted at deionized with a Milli-QII instrument (Nippon Milliretention times very similar to water by using a pore, Yonezawa, Yamagata, Japan). An eluent comstrong eluent, but these analytes could be detected prising 1.8 mM sodium carbonate-1.7 mM sodium because the detection system used eliminated the hydrogencarbonate-4 mM BTA was obtained by water dip. Therefore, use of such a postcolumn adding 4 ml of 1 mM BTA to a mixture of 3.6 ml of reaction is increasingly desirable from the viewpoint 0.5 M sodium carbonate and 3.4 ml of 0.5 M sodium of rapid chromatographic determination of mixtures hydrogen carbonate, and diluting it to 1 l with water. of weakly and strongly retained species. Wolkoff and A solution of 0.01 M cerium(IV) sulfate in 2 M Larose have used cerium(IV) as a postcolumn resulfuric acid solution was prepared by dissolving action reagent for IC detection of polythionates and 1.03 g of cerium(IV) sulfate tetrahydrate (Kanto thiosulfate [7, 8] , and Lee and Field have used a Chemical, Tokyo, Japan) (98%) in water containing similar system for nitrite, nitrate, thiosulfate and 28.2 ml of sulfuric acid (95%), and diluting the iodide, after preliminary reduction of nitrate to nitrite solution to 250 ml with water. A postcolumn re- [9] . In the postcolumn reaction, cerium(IV) was action solution of 0.4 mM cerium(IV) in 0.15 M reduced to cerium(III) and the cerium(III) was sulfuric acid was prepared by adding 10 ml of the measured fluorometorically. We have found that 0.01 M cerium(IV) solution to a 250-ml volumetric cerium(IV) can also be converted into cerium(III) by flask containing 3. water, and diluting it to 500 ml. A standard iodide from an ion-exchange column using a carbonate solution (0.1 M) was prepared by dissolving 4.1709 eluent containing a trace amount of 1,3,5-benzeneg of potassium iodide (Nakalai Tesque, Kyoto, tricarboxylic acid (BTA), followed by the fluoresJapan) (99.5%) in water containing 100 mg sodium cence measurement of cerium(III) formed by postcarbonate as a stabilizer, and diluting it to 250 ml. column reaction with cerium(IV). The optimal conSolutions of L-ascorbic acid (about 0.05 M) and ditions are established by varying the concentration sulfite (0.05 M) were obtained by dissolving 0.89 g of BTA in the carbonate eluent, the amounts of of L-ascorbic acid (Wako Pure Chemical) and 0.52 g cerium(IV) and sulfuric acid in the postcolumn of sodium hydrogen sulfite (Wako Pure Chemical), reaction solution, the flow-rate of the reaction solurespectively, in 100 ml of oxygen-free water. A stock tion, the reaction temperature and the length of the thiosulfate solution (about 0.1 M) was prepared by reaction tube. Under the proposed conditions, the six dissolving sodium thiosulfate pentahydrate (Nakalai sample species are determined within 15 min without Tesque) in water containing a small amount of use of gradient elution. This method is then applied sodium carbonate (0.01%) as a stabilizer. These successfully to the analysis of water samples.
solutions of L-ascorbic acid, sulfite and thiosulfate were then standardized by iodometric titration. Worksample species reduced the cerium(IV) to produce ing solutions of L-ascorbic acid, nitrite, sulfite, cerium(III). Fluorescence of the cerium(III) was oxalate, iodide and thiosulfate were obtained by monitored using excitation and emission wavelengths appropriate dilution of their standard solutions.
of 256 and 354 nm, respectively.
Apparatus 3.
Results and discussion A model LC-10A pump (Shimadzu, Kyoto, Japan) was used to pass the eluent through a sample 3.1. Effect of BTA in carbonate eluent on injection valve (Rheodyne, Berkeley, CA, USA) resolution using conductivity detection equipped with a 300-ml loop, and then through a Dionex Ion Pac AG4A guard column (5 cm34 mm Initial studies were performed using conductivity I.D.) and AS4A analytical column (25 cm34 mm detection. When a 1.8 mM sodium carbonate-1.7 I.D.) connected in series. An additional pump (Model mM sodium hydrogen carbonate solution at a flow-
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DMX-2000, SNK, Tokyo, Japan) was used to run the rate of 1.0 ml min was used as the eluent for postcolumn reaction solution through a mixing tee to resolution of common anions on a Dionex Ion Pac mix with the column effluent. Cerium(III) formed by AG4A and AS4A columns in series, very long the postcolumn reaction between each analyte and retention times for elution of iodide (34.6 min) and cerium(IV) in the reaction tube was measured with a thiosulfate (51.4 min) and excessively broad peaks fluorometer (Model RF-10AXL, Shimadzu). Chrowere observed. Whilst an increase in eluent conmatograms were obtained using a Shimadzu Model centration could accelerate the elution of iodide and U-135 recorder or a Shimadzu Model CR6A thiosulfate, it led to incomplete separation of LChromatopack. ascorbic acid from the water peak. Trace amounts of BTA were therefore added to the carbonate-hydro-2.3. Recommended procedure gencarbonate eluent in view of the high eluotropic strength of the BTA solution [12] . The effects of The columns were equilibrated by a 1.8 mM adding BTA are shown in Table 1 , from which it can sodium carbonate-1.7 mM sodium hydrogencarbonbe seen that whilst an increase in BTA concentration ate eluent containing 4 mM TBA at a flow-rate of 1.0 accelerated elution of all analytes, retention times of 21 ml min , and then a 300-ml aliquot of sample oxalate, iodide and thiosulfate were decreased most solution was injected. The postcolumn reaction solusignificantly. When 4 mM of BTA was added to the tion containing 0.4 mM cerium(IV)-0.15 M sulfuric 1.8 mM carbonate and 1.7 mM hydrogencarbonate acid was added to the column effluent at a flow-rate eluent, all six analytes could be resolved completely 21 0.3 ml min , and the reaction mixture passed to a within about 15 min, with good peak shapes. At reaction tube (2 m30.5 mm I.D.), in which the higher concentration (6 mM) of BTA, the L-ascorbic Water was eluted at 1.8 min.
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The eluent contained 1.8 mM sodium carbonate and 1.7 mM sodium hydrogencarbonate was used at flow-rate of 1.0 ml min .
acid peak overlapped partially with the nitrite peak, 3.2. Selection of wavelengths for fluorescence and also the separation of iodide from thiosulfate measurement of cerium(III) became poorer. Consequently, a 1.8 mM carbonate-1.7 mM hydrogencarbonate solution containing 4 Excitation and emission spectra of cerium(III) mM BTA was used as an eluent in this work and a were measured, in which the cerium(III) solution chromatogram obtained using this eluent with conwas prepared by adding 10 ml of 0.6 mM ductivity detection is shown in Fig. 1 . An injection cerium(IV) sulfate in 0.15 M sulfuric acid and 5 ml of the six analyte species (together with sulfate of 0.1 mM L-ascorbic acid to a 25-ml volumetric which often coexists with sulfite) showed that Lflask containing 5 ml of a 1.8 mM sodium ascorbic acid could not be separated completely from carbonate-1.7 mM sodium hydrogencarbonate-4 the water dip, nor could sulfite be separated from mM BTA solution, and diluting it to the mark. sulfate. In view of this, fluorescence detection after Maximum fluorescence intensity of cerium(III) in postcolumn reactions was utilized in further experithe solution was obtained at wavelengths of 256 and ments.
354 nm for excitation and emission, respectively. These wavelengths were used in all subsequent experiments.
Optimization of the postcolumn reaction conditions
First, the composition of the postcolumn reaction solution was optimized. The concentration of cerium(IV) in the reaction solution was varied over the range 0.1-0.8 mM, the concentration of sulfuric acid being held constant at 0.15 M. Peak heights for the tested analytes are plotted in Fig. 2a , from which it can be seen that peak heights for all analytes except L-ascorbic acid reached a maximum at 0.4 mM cerium(IV). Next, the effect of sulfuric acid concentration in the 0.4 mM cerium(IV) solution was measured over the range 0.1-0.5 M; Fig. 2b shows that increased acidity caused an slight increase in peak heights for nitrite, oxalate, iodide and thiosulfate, but a decrease for L-ascorbic acid and sulfite. A 0.4 mM cerium(IV) in 0.15 M sulfuric acid was selected as the optimum postcolumn reaction solution. The flow-rate of the reaction solution was 21 varied over the range 0.1-0.5 ml min and the results obtained are shown in Fig. 3 . Peak heights generally decreased with increasing the flow-rate, but sulfite, iodide and thiosulfate showed maximal peak 21 heights at a flow-rate of 0.3 ml min . Reaction coils comprising tubes (0.5 mm I. D.) of three different oxalate compared with a 0.5-m tube, but gave almost same peak height for each analyte except nitrite and oxalate as a 5-m tube. A 2-m reaction tube was therefore used in further studies. The effect of temperature (over the range 10-30 8C) of the postcolumn reaction on peak height is also listed in Table 2 . Peak heights for all analytes except Lascorbic acid showed only a minor increase when the temperature was raised, and for this reason the postcolumn reaction was carried out at room temperature of around of 22 8C.
A chromatogram obtained under the selected optimal conditions is shown in Fig. 4 , from which it can be seen that complete resolution was obtained in 15 min with no interference from any water dip.
Analytical performance characteristics
Calibration plots were constructed using 300-ml aliquots of sample solutions containing L-ascorbic acid, nitrite, sulfite, oxalate, iodide and thiosulfate, separated under the conditions described in Section 2.3. Calibration graphs based on peak height, for all detection limits of analyte species are shown in S were eluted at retention times close to L-ascorbic Table 3 .
acid, and maleate was eluted at a time close to Interference effects by various foreign ions on the sulfite, but these foreign ions when present at 0.1 determination of the analytes were investigated. Ions mM did not interfere with the determination of L- L-ascorbic acid in soft drink; (b) nitrite in river water; (c) sulfite, Peaks: 158 mM L-ascorbic acid; 255 mM nitrite; 3520 mM oxalate and thiosulfate in groundwater. Peaks: 15L-ascorbic acid; sulfite; 455 mM oxalate; 5540 mM iodide; 6520 mM thiosul25nitrite; 35sulfite; 45oxalate; 55thiosulfate. fate. a Excess iodine after a postcolumn reactions with L-ascorbic acid in the column effluent was measured photometrically [4] ; PCR, postcolumn reaction.
b Samples diluted to 2 times the original volume with water were used. c Mean from three replicate results.
Application to the analysis of water samples

